Small monomeric GTP-binding proteins have been identified in every organism examined thus far. These proteins are key players in a diverse array of essential cellular functions such as cell proliferation, signal transduction, protein synthesis, and protein targeting (3, 20, 54) . The activity of GTPbinding proteins is controlled by the conformational state of the protein, being turned "on" when complexed with GTP and "off" when complexed with GDP. Conformational changes in the GTP-binding protein from the GDP-to the GTP-bound state are detected by downstream effector proteins. The specificity of the signaling cascade is due to the unique interactions between the GTP-binding protein and its effector proteins.
The balance between the amounts of GTP-and GDP-bound protein is a result of the affinity of the protein for guanine nucleotides and the rates of guanine nucleotide exchange and GTP hydrolysis. Typically, G proteins have very high affinities (in the nanomolar range) for nucleotides and low dissociation rates (on the order of hours) (3, 20, 54) . Usually, the intrinsic hydrolysis rate of GTP is also low. In vivo, both dissociation and hydrolysis rates are controlled by three types of regulatory molecules. Guanine nucleotide exchange factors (GEFs) act as positive regulators that promote the release of guanine nucleotide (2, 16, 53) . Since the intracellular concentration of GTP is usually high relative to that of GDP, the released nucleotide is almost always replaced with GTP, resulting in an active protein. GTPase-activating proteins (GAPs) act as negative regulators by stimulating the intrinsic GTPase activity of the protein to return it to the inactive form (11, 58) . A third class of regulatory proteins, the guanine nucleotide dissociation inhibitors (GDIs), maintain the existing nucleotide state of some GTP-binding proteins such as Rho and Rab (27, 42) . Mg 2ϩ plays a critical role in the control of guanine nucleotide exchange and GTP hydrolysis in the well-studied Ras-like GTP-binding proteins. Crystallographic studies of several GTP-binding proteins revealed a single Mg 2ϩ ion in the guanine nucleotide binding pocket (9, 36, 46, 47, 55) . When the concentration of Mg 2ϩ is low, the protein exists in an open conformation and exchange of GDP for GTP is enhanced. In the presence of Mg 2ϩ , the protein-nucleotide complex exists in a closed conformation and exchange of the bound nucleotide occurs very slowly (6, 13, 19, 29) . Thus, physiological levels of Mg 2ϩ are sufficient to inhibit nucleotide exchange (6, 12, 18, 37) , and it is thought that guanine nucleotide exchange in vivo is controlled by a GEF that overcomes the Mg 2ϩ inhibition (19, 37, 38) .
With the rapid expansion of bacterial genome sequence data, it is becoming clear that the bacterial Ras-like GTPbinding proteins are widespread and are likely to play critical cellular roles. Novel G-protein subfamilies such as Era (1, 5) and Obg (8, 15, 25, 33, 43, 45, 52, 57) are also present in archaea and eukaryotes. The bacterial Obg proteins are essential for cell viability (25, 34, 57) and appear to play critical roles in regulating DNA replication and/or cell differentiation (22, 34) . It has been proposed that the guanine nucleotide state occupancy of the bacterial Obg-like proteins is directly controlled by the intracellular GTP pool (33, 34, 61) . These proteins would be turned on (in the GTP-bound state) under growth conditions and off (in the GDP-bound state) under starvation conditions. Furthermore, it has been proposed that these proteins are involved in communicating changes in the GTP pool to pathways that are involved in cellular processes that occur under starvation conditions (33, 34) . The most direct evidence comes from studies of the Obg protein in sporulating bacteria. For Bacillus subtilis, Obg protein was shown previously to be involved in communicating signals to the Spo0A sporulation pathway (60) . The B. subtilis Obg protein binds to GDP with an affinity in the micromolar range and displays slow GTP hydrolysis (61) . In Streptomyces spp., specific obg mutant alleles display dominant effects on sporulation (34) . Overproduction of Streptomyces spp. Obg does not affect vegetative growth but does prevent the development of aerial mycelium (33) . Furthermore, addition of decoyinine (a specific inhibitor of GMP synthetase) results in the restoration of aer-ial mycelium production in Streptomyces spp. strains overproducing Obg (34) . These data suggest that the onset of differentiation is determined by the balance of Obg protein and GTP levels.
These studies clearly demonstrate a role of the Obg proteins in sporulation of B. subtilis and Streptomyces spp. However, Obg homologs are present in a diverse array of nonsporulating organisms and thus must play a different cellular role in these organisms. If the control of Obg-like proteins is mediated by intracellular GTP pools, then the guanine nucleotide binding and exchange and GTP hydrolysis parameters of these proteins should be consistent with this mode of regulation.
We are investigating the role of the Obg-like protein CgtA in Caulobacter crescentus, a nonsporulating bacterium. CgtA is essential for cell viability and is present throughout the C. crescentus cell cycle (25) . Using fluorescent guanine nucleotide analogs (N-methyl-3Ј-O-anthranoyl-GDP [mant-GDP] and mant-GTP), we show here that the CgtA protein binds to mant-GDP and mant-GTP in an Mg 2ϩ dose-dependent manner and that optimal complex formation occurs at physiological Mg 2ϩ concentrations. CgtA displays moderate affinity for both GDP and GTP. Furthermore, CgtA, unlike the well-characterized Ras-like GTP-binding proteins, displays a high in vitro exchange rate constant for either nucleotide. Hydrolysis of GTP is relatively slow. Thus, the in vitro guanine nucleotide binding and exchange and GTP hydrolysis of CgtA support a model whereby the control of CgtA is directly mediated by changes in the intracellular guanine nucleotide pool without the benefit of GEFs or GAPs.
MATERIALS AND METHODS
Overexpression and purification of CgtA. An NcoI site at the ATG translation initiation codon of the cgtA gene was generated by PCR amplification with the primers CGTA-NcoI (5Ј GGACCCCATGGAATTCTTGGACCA 3Ј) and PROB1 (5Ј GCGGCTCGAAAGCTTCTTCC 3Ј). The resulting 1.4-kb NcoI-to-HindIII fragment was cloned into the pET28a vector (Novagen) to create pJM625. In this vector, the ribosomal binding site was provided by the vector and expression of the transcriptional fusion was under the control of the T7 promoter, which, in turn, was expressed under the control of placUV. Transformation of plasmid pJM625 into the BL21DE3 strain of Escherichia coli and induction of mid-logphase cells with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h at 37°C resulted in the accumulation of a prominent CgtA band as visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
A liter of cells was pelleted (6,000 ϫ g, 5 min, 4°C), resuspended in 50 ml of TDGM (50 mM Tris-HCl [pH 8], 1 mM dithiothreitol, 10% glycerol, 5 mM MgCl 2 ) supplemented with 1 mM phenylmethylsulfonyl fluoride and 10 M GTP, and lysed by two passages through a French pressure cell. Approximately 50% of the CgtA protein was present in the supernatant (28,000 ϫ g for 30 min, 4°C) of the cell extract. The supernatant was passed through 0.45-and 0.22-mpore-size filters and applied to a 20-ml (1.5 by 15 cm) Cibacron Blue 3GA agarose (Sigma) column (0.5 to 1 ml/min). The column was washed with 200 ml of TDGM and eluted with a 300-ml linear gradient of TDGM with 0 to 1 M KCl. The appropriate CgtA-containing fractions were pooled, diluted twofold with TDG (TDGM without MgCl 2 ), and loaded on a 50-ml (1.5 by 30 cm) Toyopearl DEAE-650M (TosoHaas) column (1.5 to 5 ml/min). CgtA was eluted with a 200-ml linear gradient of TDG with 0 to 400 mM KCl. The relevant fractions were pooled, concentrated with a Centriprep-10 concentrator (Amicon), and applied to a 100-ml (1.5 by 70 cm) Sephadex G-75 (Pharmacia) gel filtration column (0.5 to 1 ml/min). CgtA was eluted with TDG containing 100 mM KCl.
The concentration of CgtA was first determined by the Bradford method (4) and then by UV absorption once the extinction coefficient was determined (7) .
UV cross-linking. Purified CgtA (10 g/sample; 5 M) was incubated with 10 Ci of [␣- 32 2 ). Radiolabeled CgtA-GTP complexes were separated by SDS-PAGE. The gel was vacuum dried and exposed to X-ray film.
Synthesis of mant-GDP. mant-GDP, mant-GTP, and mant-␤-␥-methyleneguanosine-5Ј-triphosphate (mant-GMP-PCP) were synthesized by reaction of GDP, GTP, or GMP-PCP (Sigma) with N-methylisatoic anhydride (Acros) as described previously (23) . To purify the mant-nucleotide, 3 ml of the synthesis reaction mixture was loaded on a 50-ml (1.5 by 30 cm) DEAE Sepharose Fast Flow (Pharmacia) column. The column was washed (2 ml/min) with 100 ml of 50 mM Tris-HCl buffer (pH 7.5), and the nucleotides were eluted with a 1,000-ml linear gradient of 50 mM Tris-HCl (pH 7.5) with 0 to 1 M KCl. The mantnucleotide fractions were combined, diluted with 3 volumes of dH 2 O, and desalted by passage over a DEAE column (1.5 by 30 cm) preequilibrated with 0.2 M TBK (triethylamine hydrogen carbonate, pH 7.5). The column was washed with 100 ml of 0.2 M TBK, and the nucleotides were eluted (0.5 ml/min) with 100 ml of 2 M TBK. The relevant mant-nucleotide fractions were combined, freezedried, and resuspended in 1 ml of dH 2 O. The purity of the nucleotides was analyzed by thin-layer chromatography, and the absorption spectra (excitation at 240 to 400 nm) confirmed the identity of each mant-nucleotide (14) . The concentration was determined by measuring the optical density at 252 nm (23) . Aliquots were frozen at Ϫ80°C. The mant-GTP used in the initial phases of this study was a generous gift from Richard Neubig (39, 40) .
Fluorescence measurements. Fluorescence measurements were performed with a Shimadzu RF-5301PC spectrofluorometer equipped with a Hi-Tech SFA-20 stopped-flow apparatus. Unless otherwise indicated, all assays were performed at 30°C, and mant-nucleotide fluorescence was monitored with an excitation wavelength of 361 nm (slit width of 1.5 nm) and an emission wavelength of 446 nm (slit width of 20 nm). Emission and excitation profiles of the mant-nucleotides were generated from 0.3 M free mant-GDP and mant-GTP in binding buffer. CgtA-guanine nucleotide complexes were generated by prebinding 10 M CgtA with 0.3 M mant-GDP or mant-GTP in binding buffer supplemented with 5 or 12 mM Mg 2ϩ , respectively, for 10 min at 30°C. As a negative control, denatured CgtA was generated by incubating CgtA for 10 min at 90°C in binding buffer with 0.7 mM SDS prior to the binding assay.
The Mg 2ϩ dependence of CgtA interaction with mant-GTP and mant-GDP was determined by examining mant-GTP and mant-GDP fluorescence of 0.5 M CgtA and 0.3 M mant-nucleotides in 1ϫ binding buffer (without EDTA) supplemented with 0 to 50 mM Mg 2ϩ . The data were corrected for the slight reduction in fluorescence due to dilution and the effect of Mg 2ϩ quenching on the mant-nucleotide.
To monitor dissociation of CgtA-mant-nucleotide complexes, 1 M mantnucleotide was prebound and saturated with purified CgtA (approximately 3 M). Dissociation of CgtA-mant-nucleotide complexes was initiated by rapidly mixing 150 M GDP or GTP as a competitor, and the decrease of peak fluorescence (excitation slit width, 5 nm; emission slit width, 20 nm) was observed.
To monitor dissociation of GDP and GTP from CgtA, CgtA-guanine nucleotide complexes were generated by prebinding 1 M CgtA with 0.3 M GDP or GTP in binding buffer supplemented with 5 or 12 mM Mg 2ϩ , unless otherwise indicated. mant-GDP or mant-GTP (10 M) was used as a competitor for approximately 0.3 M prebound CgtA-guanine nucleotide complexes. In this case, we monitored the fluorescence resonance energy transfer (from tryptophan to the mant group) (21, 40) of CgtA binding to excess mant-GDP (excitation at 281 nm and emission at 446 nm). Data were collected at 20-ms intervals and curve fitted to a one-phase exponential decay equation. The initial rapid phase due to the association of unoccupied CgtA with mant-GDP was omitted due to the limitations of our recording device. The dissociation rate constant (k d ) of each nucleotide was determined by averaging the k d values from a minimum of 10 trials.
The intrinsic GTPase activity of CgtA at 30°C was determined by monitoring the decrease in fluorescence of the CgtA-mant-GTP complex over time. mant-GTP or the nonhydrolyzable analog, mant-GMP-PCP (0.5 M), was prebound with excess CgtA (10 M) in 1ϫ binding buffer supplemented with 12 mM MgCl 2 . The peak fluorescence was recorded over 3 h at 1-min intervals. The data were curve fitted to a first-order (single exponential decay) hydrolysis equation, and the rate constant (k h ) and half-life (t 1/2 ) of a single-turnover mant-GTP hydrolysis were determined by averaging the k h and t 1/2 from four trials.
Equilibrium binding assays. The affinity of CgtA for guanine nucleotides at 30°C was determined by an equilibrium centrifugal ultrafiltration assay (35 cpm/nmol) ranging from 0.1 to 8 M. MgCl 2 (5 or 12 mM) was added as indicated. Aliquots of 60 l were withdrawn for scintillation counting, and the remaining reaction mixtures were transferred to Amicon Microcon-10 spin concentrators. After centrifugation at 16,000 ϫ g for 8 min, 60-l aliquots were withdrawn from the filtrate for scintillation counting and the free nucleotide concentration was calculated according to a standard curve. The concentration of bound nucleotide was calculated as the difference between total and free nucleotide concentrations. The equilibrium dissociation constants, K d , were determined by curve fitting (Kaleidagraph 3.09; Synergy Software) the binding plots (bound versus total nucleotide) to a hyperbolic binding function. Assays were done in triplicate.
The equilibrium binding constant of CgtA-mant-GDP was also determined by examining peak fluorescence intensities (excitation slit width, 1. 
RESULTS

CgtA is a GDP-GTP-binding protein.
In order to determine the in vitro guanine nucleotide-binding properties of CgtA, we overexpressed and purified the protein. We obtained approximately 140 mg of at least 95% pure CgtA per liter. Purified CgtA migrated at 40 kDa on SDS-PAGE gels, 2 kDa larger than the predicted value of 38 kDa. The purified protein was subjected to N-terminal sequencing and found to begin with Met, indicating that it was not N-terminally modified. Additional sequencing cycles confirmed that the purified protein was indeed CgtA. Electrospray mass spectrometry indicated that the mass of intact CgtA is 37,931 Ϯ 16 Da. Due to the generation of the NcoI restriction site at the beginning of the cgtA gene, the purified protein contained a Lys-to-Glu mutation at the second amino acid. We have demonstrated that this change appears to be silent in vivo, as the mutant allele complements a cgtA-null allele (data not shown).
The association of CgtA with several nucleotides was determined by examining their ability to directly outcompete the binding of [␣-32 P]GTP (Fig. 1) . CgtA binds [␣-32 P]GTP rapidly. This interaction is efficiently competed with GTP or GDP. However, little effect on the binding of [␣-32 P]GTP was observed in the presence of a Ͼ400-fold excess of GMP or ATP (Fig. 1) . Thus, CgtA displays an inherent specificity for the di-and triphosphate forms of guanine nucleotides. mant-guanine nucleotide analogs are useful probes of Gprotein activation and conformational state (19, 31, 32, 40, 41, 44) . Changes in mant fluorescence reflect the hydrophobic environment of the nucleotide analog. We monitored the change in fluorescence of the guanine nucleotide analogs, mant-GTP and mant-GDP, as an indication of CgtA-mantguanine nucleotide binding.
The emission (data not shown) and excitation profiles (Fig.  2 ) of free mant-GDP and mant-GTP were similar to profiles described previously (31, 32, 40) . mant-GDP and mant-GTP nucleotides had an optimal excitation of 361 nm and an optimal emission at 446 nm. Figure 2 shows emissions at 446 nm at varying excitation wavelengths. Aside from the major excitation peak at 361 nm, an additional excitation peak at 256 nm due to the excitation of the nucleotide was observed. Preincubation of the mant-nucleotides with denatured CgtA resulted in an excitation profile similar to that of free mant-nucleotide, but with an additional excitation peak at 285 nm. Denatured CgtA did not enhance the mant-GTP or mant-GDP excitation at 361 nm, indicating that CgtA-mant-nucleotide complexes did not form.
Binding of CgtA to mant-GTP and mant-GDP nucleotides led to a substantial increase in mant-nucleotide fluorescence, providing direct evidence that CgtA binds guanine nucleotides. An increase in fluorescence was observed in the CgtA-mant-GTP and CgtA-mant-GDP complexes upon excitation at 361 nm (optimum for mant), 256 nm (optimum for the nucleotide), and 285 nm (optimum for tryptophan). On binding to CgtA, mant-GTP showed a 1.5-to 1.6-fold enhancement of fluorescence intensity and mant-GDP showed a 1.2-to 1.3-fold enhancement when excited at 361 nm (Fig. 2) . A significant increase in CgtA-mant-GTP and CgtA-mant-GDP fluorescence (excitation at 285 nm) was also observed due to the resonance energy transfer from tryptophan to the mant group. CgtA contains five tryptophan residues, none of which are in the proposed guanine nucleotide binding pocket. However, one or more of these tryptophan residues must be spatially located such that transfer of fluorescence energy can occur. CgtA binds guanine nucleotides at physiological Mg 2؉ concentrations. In the well-studied G proteins, millimolar Mg 2ϩ concentrations inhibit exchange (6, 10, 12, 13, 19, 28, 29, 37) and binding (12, 13, 28, 49, 50, 56, 59 ) of guanine nucleotides. We determined the effects of Mg 2ϩ on guanine nucleotide binding to CgtA by measuring the increase in mant-GTP and mant-GDP fluorescence upon binding to CgtA at different added Mg 2ϩ concentrations (Fig. 3) . The binding profiles obtained for mant-GDP versus mant-GTP at varying concentrations of Mg 2ϩ were different. CgtA bound mant-GDP at 50% of maximal levels in the absence of Mg 2ϩ . The addition of 1 mM EDTA had no effect on the relative fluorescence, indicating that little Mg 2ϩ was present in the solutions. Optimal binding occurred at 5 mM Mg 2ϩ , although CgtA-GDP complexes formed over a wide range of Mg 2ϩ concentrations (Fig. 3, triangles) . In contrast, Mg 2ϩ had a strong dose-dependent effect on CgtA binding to mant-GTP (Fig. 3, squares) . In the absence of supplemental Mg 2ϩ (with or without EDTA added), less than 10% of maximal CgtAmant-GTP complexes formed. Efficient CgtA-mant-GTP complex formation occurred between 5 and 15 mM Mg 2ϩ and was inhibited at higher concentrations. Most significantly, CgtAmant-GDP and CgtA-mant-GTP complexes formed most ef- To confirm that the increase in fluorescence is due to an increase in the interaction between CgtA and the guanine nucleotide and not simply due to the conformational change in preexisting CgtA-mant-GTP complexes after Mg 2ϩ binding, we assayed the binding of CgtA to radiolabeled GTP by UV cross-linking (Fig. 4) . The resulting autoradiograph confirms that CgtA-GTP complexes were readily formed in the presence of 12 mM Mg 2ϩ added (Fig. 4 , lane 4) but were barely detectable without the addition of Mg 2ϩ (Fig. 4, lane 3) . Samples that were not UV cross-linked do not display any radioactivity (Fig.  4, lanes 1 and 2) . Finally, we have also examined the binding of CgtA to radiolabeled GDP and observed ϳ80% of control binding in the absence of Mg 2ϩ (data not shown). Thus, optimal binding of modified and unmodified guanine nucleotides occurred at physiological Mg 2ϩ concentrations, and GDP and GTP showed different Mg 2ϩ dependence profiles. CgtA binds guanine nucleotides with moderate affinity. To determine the intrinsic GDP and GTP equilibrium dissociation constants, we incubated CgtA with varying amounts of radiolabeled GDP or GTP and quantified the amount of CgtA-GDP or CgtA-GTP formed in the presence of 5 or 12 mM Mg 2ϩ added by an equilibrium centrifugal ultrafiltration assay (35) .
These data result in a hyperbolic plot reflecting a single binding site with average apparent equilibrium dissociation constants, K d , for CgtA- [ consistent with the increase in fluorescence observed for CgtA-mant-GTP complexes at 12 mM Mg 2ϩ added. In the absence of Mg 2ϩ , CgtA-mant-GTP-enhanced fluorescence is severely impaired and a reduction in the level of CgtA-mant-GDP-enhanced fluorescence is observed (Fig. 3) . A parallel increase in the equilibrium binding constants for GTP and GDP was also observed in the absence of Mg 2ϩ (Table 1) . Without Mg 2ϩ , the affinity of CgtA-GDP was reduced 6-fold (compared to that for 5 mM Mg 2ϩ added) whereas the affinity of CgtA-GTP was reduced 59-fold (compared to that for 12 mM Mg 2ϩ ). We also used the increase in mant-GDP fluorescence to determine the equilibrium binding constant of CgtA for mant-GDP. Peak fluorescence values of binding reaction mixtures containing varying concentrations of mant-GDP with or without CgtA were determined, and a K d of 0.4 Ϯ 0.1 M at 5 mM Mg 2ϩ was obtained. Therefore, under these conditions, CgtA binds mant-GDP with an affinity similar to that of unmodified GDP.
CgtA displays rapid guanine nucleotide dissociation kinetics. mant-guanine nucleotides are powerful tools for kinetic studies, since data can be collected continuously and in real time. Thus, we could determine the dissociation rate constant of the mant-nucleotides by monitoring the decrease in fluorescence that accompanied displacement of bound mant-nucleotide by a large excess of unlabeled nucleotide. CgtA was prebound to mant-GDP or mant-GTP until apparent saturation was achieved. Excess unlabeled nucleotide (GDP) was then added, and the rate constant of fluorescence decrease was measured (Table 2 ; Fig. 6A ). In all cases, the dissociation followed a single exponential curve. The release of mant-GDP at 30°C occurred with an average rate constant of ϳ1.4 s Ϫ1 , and the release of mant-GTP occurred with an average rate constant of 1.3 to 1.4 s Ϫ1 ( Table 2 ). The dissociation rate constants were essentially identical when GTP was utilized as the competing nucleotide (data not shown). We also obtained a rough measurement of the association rate constant (k a ) for mant-GDP in the presence of 5 mM Mg 2ϩ by using 0.05 M CgtA with 0.2 to 1.5 M mant-GDP. The observed k a value (Ͼ1 M Ϫ1 s Ϫ1 ) was consistent with the calculated k a (3.6 M Ϫ1 s
Ϫ1
). The dissociation rate constants of unmodified nucleotides from CgtA-GDP and CgtA-GTP complexes were also determined. To reduce the background fluorescence of the mantnucleotide, we monitored the fluorescence energy transfer from tryptophan to the mant group (21, 40) . Prebound CgtAnucleotide complexes were mixed with excess (Ͼ30-fold) mant-GDP, and the increase of fluorescence that accompanied the exchange of the unlabeled bound nucleotide for the mantnucleotide was monitored (Fig. 6B) . The exchange rate of either GDP or GTP for mant-GDP was ϳ1.5 s Ϫ1 (Table 2 ). These data demonstrate that CgtA displays a rapid in vitro exchange of guanine nucleotides and that the exchange rate constants of GTP and GDP are essentially equivalent.
In the absence of Mg 2ϩ , Ras-like GTP-binding proteins typically display an enhanced guanine nucleotide exchange rate constant. We determined that the dissociation rate constants of mant-GDP and GDP were eightfold higher in the absence of Mg 2ϩ than in its presence ( Table 2 ). The dissociation rate constants of mant-GTP and GTP could not be determined by this assay due to weak binding of CgtA to the nucleotides (Table 1 ) and the resulting low increase in fluorescence signal under these conditions (Fig. 3) .
GTP hydrolysis by CgtA. As has been shown previously for other GTP-binding proteins (31, 32, (39) (40) (41) 51) , the CgtAmant-GTP complexes displayed a peak fluorescence that is approximately 30% greater than that of CgtA-mant-GDP complexes. Thus, intrinsic GTPase activity of purified CgtA could be determined by measuring the reduction in fluorescence that accompanied the single-turnover conversion of bound mant-GTP to bound mant-GDP (Fig. 7) . The decrease in fluorescence could be fitted to a single exponential curve with a first-order rate constant, k h , of 5.0 ϫ 10 Ϫ4 s Ϫ1 or a t 1/2 of 23 Ϯ 2 min. The rate constant for hydrolysis of mant-GTP by CgtA was well within the range observed under similar conditions for eukaryotic GTP-binding proteins (51) .
DISCUSSION
We describe here the biochemical characterization of the C. crescentus CgtA protein, a member of the Obg family of GTPbinding proteins. Purified CgtA bound specifically to GTP and GDP with moderate affinity (in the micromolar range at 30°C) and bound with a twofold-higher affinity to GDP than to GTP. A similar equilibrium binding constant was obtained for the B. subtilis Obg protein for GDP (0.93 M at 25°C [61] ). Thus, it is possible that relatively weak binding to guanine nucleotides is a hallmark feature of this subfamily of proteins, in contrast to the high binding affinity (typically in the nanomolar range) reported for the vast majority of monomeric GTP-binding proteins. Mg 2ϩ is a critical cofactor for GDP and GTP binding by most, if not all, GTP-binding proteins (see references 20 and 54). For example, at millimolar levels of Mg 2ϩ , Ras exists in a closed conformation and the exchange rate of GDP for exogenous GTP is relatively low in vitro (t 1/2 ϳ 60 min). The rate-limiting step has been shown to be the loss of bound nucleotide, and removal of Mg 2ϩ allows free exchange of exogenous nucleotides. It is currently believed that the role of GEF proteins is to overcome the Mg 2ϩ inhibition to allow more rapid exchange of the guanine nucleotide (38) . In this study, we used radiolabeled and fluorescent GDP and GTP analogs to investigate the effect of Mg 2ϩ on the interaction between these guanine nucleotides and CgtA. We demonstrated that purified CgtA binds mant-GTP in an Mg 2ϩ -dependent fashion, while its interaction with mant-GDP was relatively insensitive to a wide range of Mg 2ϩ concentrations. Surprisingly, millimolar concentrations of Mg 2ϩ did not inhibit binding of mant-GDP or mant-GTP to CgtA. In fact, optimal binding occurred at physiologically relevant Mg 2ϩ concentrations. Thus, the Mg 2ϩ requirements for CgtA-GDP and CgtA-GTP complex formation are unique.
The in vitro exchange of guanine nucleotides by CgtA was shown to be rapid at physiological levels of Mg 2ϩ . The dissociation rate constants for mant-GTP and mant-GDP at optimal [Mg 2ϩ ] are 1.28 and 1.44 s
Ϫ1
, respectively. High exchange rate constants were observed regardless of whether GTP or GDP was used as the competing nucleotide. Similar dissociation rate constants were observed for unmodified GDP and GTP ( Table  2 ), demonstrating that the mant-nucleotides behave as close analogs of GDP and GTP and can be used to accurately monitor CgtA-guanine nucleotide interactions. We observed an eightfold increase in the GDP dissociation rate constant in the absence of Mg 2ϩ (Table 2) . However, given the high dissociation rate constant in the presence of Mg 2ϩ , this difference may not be of biological significance. In contrast, the 59-fold decrease in affinity for GTP in the absence of Mg 2ϩ could indicate that the magnesium ion plays a regulatory role in the control of CgtA-GTP complex formation.
Clearly, the guanine nucleotide binding and exchange and Mg 2ϩ requirements of CgtA are different from those of the majority of Ras-like GTP-binding proteins. It is likely that some of the unique biochemical features of CgtA are due to nonconventional amino acids in the conserved guanine nucleotide binding pocket of the protein. For example, the amino acid residues G12 and Q61, critical for Ras function, are absent in CgtA. In addition, the G5 domain is not easily recognized (25) . The amino acid at position 61 is part of the nucleotide binding site and is normally a glutamine residue; in CgtA, this amino acid residue is a leucine. In Ras, a Q61L mutation increases the GDP dissociation rate. The Rap2 protein has a threonine instead of glutamate at this position and displays an in vitro GDP dissociation rate constant fivefold higher than that of Ras (24) . FtsY and Ffh2, two proteins that lack the invariant G12 and Q61 residues, also display a rapid exchange and micromolar affinities for guanine nucleotides (17, 30) . However, in these proteins, other differences such as an insertion into the effector loop may also contribute to differences in nucleotide binding. An Mg 2ϩ enhancement of guanine nucleotide binding has been observed for the eukaryotic Rad protein, although in this case, both GTP and GDP show a strong dose-dependent requirement for the cation (62) . Rad also has nonconventional amino acids in the critical G1 and G3 binding domains (62) .
A wide range of single-turnover hydrolysis rate constants have also been observed for the Ras-like GTP-binding proteins. Q61 has also been proposed to play an essential role in the hydrolysis of GTP, by activating a water molecule for the nucleophilic attack on the ␥-phosphate (36, 46) . Although CgtA has a leucine at the Q61 position, it displays a hydrolysis rate constant equivalent to that of Ras (t 1/2 ϭ 23 and 30 min, respectively [12] ). Thus, the differences in the requirements for Mg 2ϩ , binding affinities, and exchanges of nucleotides between CgtA and Ras-like GTP-binding proteins may reflect differences in the guanine nucleotide binding pockets of these proteins.
The guanine nucleotide occupancy of GTP-binding proteins is determined by the affinity of the protein for guanine nucleotides and the rates of guanine nucleotide exchange and GTP hydrolysis. CgtA displays a rapid exchange of either GDP or GTP at physiological levels of Mg 2ϩ and a relatively low hydrolysis rate. Thus, in vitro, the guanine nucleotide occupancy of the protein may be dictated by the guanine nucleotide concentration. The in vitro activities described here underscore that, in vivo, CgtA activity may be controlled in a manner distinct from that of the well-characterized Ras-like GTP-binding proteins. We envision three possible scenarios to explain the unique in vitro binding and exchange parameters described here. First, it is possible that CgtA is controlled by GEF proteins and GAPs in vivo but that the GEF activity is associated with CgtA itself. CgtA may be a bimodal protein containing both a Ras-like GTP-binding domain and a guanine nucleotide exchange domain (GEF activity) at its N terminus. The Fts Y protein of E. coli has previously been proposed to be such a GEF-GTPase protein (30) . Within the Obg-GTP1 subfamily, there are two distinct classes of proteins, (i) an N-terminally extended form that possesses an ϳ150-amino-acid glycine-rich N terminus preceding the Ras-like domain and (ii) a C-terminally extended form that lacks the N-terminal extension but has additional residues at the C terminus. To date, all known bacterial Obg-like proteins, including CgtA, possess the Nterminal extension and all archaeal forms have the C-terminal extension, while both forms of Obg-like proteins can be identified in eukaryotes.
The unique C terminus found in archaeal and eukaryotic Obg-like proteins may play a role in protein-protein interactions. For example, the mouse protein DRG interacts specifically with the helix-loop-helix domain of the transcription factor TAL1 via two amphipathic helices at the C terminus of DRG (26) . Similar amphipathic helices are readily identified by BLAST searches in all members of the Obg-GTP1 family that possess the C-terminal extension.
The role of the N-terminal extension is unknown. It is possible that this motif acts as an exchange factor; however, this seems unlikely. Although this domain plays a critical role in the function of B. subtilis Obg protein, a nonfunctional Obg protein harboring amino acid changes in the N terminus bound GTP with the same affinity as did the wild-type protein (61) . An alteration in the rate of dissociation would usually result in an increase in the observed affinity. Moreover, the N-terminal sequence does not resemble the amino acid sequence of known GEF proteins.
A second possibility is that, in vivo, the exchange of guanine nucleotides by CgtA is suppressed by a GDI. GDIs maintain the existing nucleotide state in proteins such as Rho and Rab. Although a CgtA-specific GDI could modify or dictate the in vivo exchange properties of CgtA, to date no GDI proteins have been identified in bacteria, either by function or by similarity searches.
The third explanation for the unique guanine nucleotidebinding characteristics of CgtA is that the exchange of guanine nucleotides by CgtA is controlled directly by the intracellular pools of guanine nucleotides and the relative affinity of CgtA for GTP and GDP, without the benefit of GEFs or GAPs. In the intracellular milieu during exponential growth, the GTP concentration greatly exceeds that of GDP, and CgtA, with an equilibrium binding constant in the micromolar range and a high guanine nucleotide exchange rate, would be predicted to be predominantly GTP associated. However, upon entry into stationary growth, the GTP levels drop, and eventually, CgtA-GDP complexes predominate. This model also predicts that the relatively slow hydrolysis of GTP would not play a major role in controlling the guanine nucleotide occupancy state of CgtA, since exchange occurs extremely rapidly. Given a generation time of 90 min in rich medium for C. crescentus, it is unlikely that the intrinsic hydrolysis rate of CgtA (t 1/2 ϳ 23 min) is of biological relevance unless control mechanisms to enhance the hydrolysis rate (such as GAPs) exist in vivo.
Several lines of evidence support a model whereby CgtA is controlled by the intracellular GTP-GDP pools. (i) The in vitro exchange of guanine nucleotides occurs at optimum physiological Mg 2ϩ concentrations. Without Mg 2ϩ , there is an eightfold increase in the exchange rate constant of GDP. However, even with millimolar levels of Mg 2ϩ , the dissociation rate constant of CgtA is 80-fold higher than that seen for the Ras protein (12, 13, 48) . Therefore, in the absence of a mechanism to reduce the exchange rate of guanine nucleotides (model 1), the occupancy of CgtA should reflect the guanine nucleotide pool.
(ii) The GEF-GAP-regulated GTP-binding proteins typically have very high affinities for nucleotides (nanomolar range) and low dissociation rate constants (on the order of hours). In addition, GTP exchange is much slower than GDP exchange (3) . CgtA has moderate to weak affinity for both nucleotides, and the dissociation rate constants of GDP and GTP are comparable. These features argue that occupancy of CgtA could be controlled by the GTP-GDP pool. (iii) Proteins similar in function or sequence to GEFs or GAPs have not been identified in bacteria. (iv) In Streptomyces spp., overproduction of Obg delays development of aerial mycelium (33) under normal conditions and suppresses early development induced by the addition of decoyinine (a specific inhibitor of GMP synthetase) (33, 34) . These data strongly argue that differentiation in Streptomyces spp. is determined by the balance of Obg protein and GTP levels. Specifically, it has been proposed that the Streptomyces spp. Obg protein is in the GTP-bound state during exponential growth and in the GDP-bound state after cells enter into stationary phase and the GTP pools decrease (34) . This study demonstrates that the mechanism of regulation of CgtA is different from that of the well-characterized Ras-like GTP-binding proteins. The data are consistent with a model whereby the guanine nucleotide state of CgtA is controlled by the intracellular GTP-GDP pool. If this is true, the timing of the shift from CgtA-GTP complexes to CgtA-GDP complexes would not be limited by the rate of guanine nucleotide exchange but by the ratio of GTP to GDP in the cell and the relative affinity of CgtA for the guanine nucleotides. Clearly, the challenge ahead is to determine the functional consequences of the CgtA-GTP-to-CgtA-GDP shift during C. crescentus growth.
